High temperature experiments have been conducted to examine a possibility of suppression of slag foaming by applying sound waves. To produce the slag foam, Ar gas was injected into a BaO-B 2 O 3 or a CaO-SiO 2 -FeO melt through a submerged multihole nozzle or a bottom nozzle. The sound waves, produced by a loudspeaker, were propagated to the foamed slag surface through the gas atmosphere inside the experimental apparatus. The experimental temperatures were 1 223 and 1 273 K (BaO-B 2 O 3 slag), and 1 573 K (CaO-SiO 2 -FeO slag).
Introduction
It is known that many metallurgical processes are accompanied with slag foaming phenomena which exert a negative effect on the process performance. The slag foaming causes slopping of slag from converter throat during decarburization of iron. 1) When iron oxide powder is injected into a molten iron bath covered by a CaO-SiO 2 slag layer for dephosphorization, slag slopping occurs.
2) The reason was found to be the slag foaming. The problem of the slag foaming has been of prime importance because of the fast development of bath smelting processes. Since these processes consume large amounts of iron ore and carbonaceous materials, the formed slag has a higher ability to produce foam. 3, 4) There are many studies on the slag foaming phenomena. It has been found that the reason of the slag foaming is gas bubbles produced below the slag surface as a result of chemical reactions. The decarburization of molten iron and the reduction of iron oxide by carbon are examples of the reactions. The faster the gas evolution rate and the smaller the bubble size, the larger is the slag foaming rate. Recently, the foaminess of slag is quantitatively expressed by the foam index 5, 6) or the steady foam height. 3, 7) The foam index is the ratio of the foam height to the superficial velocity. 5) The steady foam height is determined under conditions when the foam height ceases to change with time. It was shown that the steady foam height depends on the physical properties of slag (surface and bulk viscosities, density and surface tension), which, in turn, are governed by slag chemical composition and temperature. [6] [7] [8] For example, in steelmaking slags, the foam height increases as the concentration of such oxides as P 2 O 5 , SiO 2 , Cr 2 O 3 and FeO increases. 9) Recently, a new method of control of the slag foam height has been proposed.
3) The method consists in supplying a fine carbonaceous material to the slag foam. The fine particles contacting with the foam film, promote its rupture due to the fact that carbon is poorly wetted by slag. It has been found that the effect of the foam suppression increases as the fine particle size decreases.
This method was tested on some processes which were accompanied with the slag foaming. In the bath smelting processes, the foam height decreased when the content of the carbonaceous material in the slag increased. For the foam height to be reduced by 50%, the mass ratio of coke to slag should be about 0.4.
3) These results were obtained by using a pilot bath smelter in 1-t capacity and a supply rate of iron ore being 3.4 kg/min. However, the addition of large amount of the carbonaceous material to slag can cause a decrease in the oxidizing potential of the slag. Therefore, this method has limitations in application to such processes as converter refining and hot metal dephosphorization.
An alternative method of foam height control has been discussed in our previous paper.
11 ) It is shown that the foam stability can be controlled by a sound wave propagating through the gas phase to the foam surface. The foaming and defoaming rates were measured under room temperatures by using aqueous solutions containing a surfactant. The foams had a high stability. The time, during which the foam of 27 cm in height decayed completely, was about 20 min. The sound wave could promote and retard the foam decay depending on the sound frequency range. On the whole, the higher the liquid viscosity, the larger was the effect of sound wave on the foam decay.
The present work examines a possibility of suppression of slag foaming by applying sound waves under high temperature conditions. The measurements were conducted by using a resistance furnace. To produce the slag foam, Ar gas was injected into a BaO-B 2 O 3 or a CaO-SiO 2 -FeO melt through a submerged multihole nozzle or a bottom nozzle. The experimental temperatures were 1 223 and 1 273 K (BaO-B 2 O 3 slag), and 1 573 K (CaO-SiO 2 -FeO slag). Main attention is focused on the effect of sound frequency on slag foaming rate. The sound wave (frequency 100-12 000 Hz) was generated by a loudspeaker fixed at the top part of the furnace. On the basis of the measurements of slag foaming rate and gas bubble diameter, and the evaluation of foam film thickness, the mechanism of acoustic defoaming is discussed with taking resonance phenomena, wave reflection and foam bubble oscillations into consideration.
Experimental and Measurement Procedure
Two slags were used in the experiments; a CaO-SiO 2 -FeO steelmaking slag and a BaO-B 2 O 3 model slag. The composition and physical properties of the slags at the experimental temperatures are presented in Table 1 . It is known that the CaO-SiO 2 -FeO slag has a good foaminess especially when the FeO content is high. A small amount of P 2 O 5 (1-2% in weight) was added to the melted slag before starting measurements to increase the foam stability. The CaO-SiO 2 -FeO slag was premelted by using a resistance furnace under a controlled atmosphere. The BaO-B 2 O 3 slag was prepared by premelting barium oxide (90% BaO and 10% BaO 2 ) and boric acid (H 2 BO 3 ) mixture. At least, two factors were taken into account in choosing the slag composition; 1 -slag must possess a good ability of foaming, and 2 -the slag melting point should be sufficiently low to make possible performing the experiments for a long time with assurance that the slag content is kept constant during the time. This requirement is very important because any unpredictable variation in the slag content, for example, due to the crucible dissolution may affect the slag foaming and make difficulties for analysis of the experimental data. Hara et al. 7) showed that the BaO-B 2 O 3 slag has a good foaminess. The slag mass was determined in such a way that the slag height was 4 cm after melting in the crucible. To produce the slag foam, Ar gas was injected into the slag through an L-shaped submerged stainless steel nozzle (3) (O.D. 3 mm) with three holes drilled at the top of the elbow part of the nozzle for discharging the gas upwards. The distance between holes was 10 mm. Since chemical reactivity of the FeO-containing slag is different from that of the BaO-B 2 O 3 slag, the CaO-SiO 2 -FeO slag was melted at temperature 1 573 K in a crucible made of stainless steel (I.D. 55 mm, height 170 mm). Ar gas was injected into the melt through a bottom nozzle (O.D. 2 mm) fixed at the crucible center. The Ar gas flow rate was ranged from 2.5ϫ10 Ϫ7 to 2ϫ10 Ϫ6 Nm 3 /s. Sound waves (4) produced by a loudspeaker (5) were propagated to the foamed slag surface through the gas atmosphere of the working space consisting of an L-shaped water-cooled adapter (6) (stainless steel, 100 mm I.D.) and an alumina pipe (7) (40 mm I.D.). The L-shaped adapter was provided with a viewing window and two holes to fix the nozzle (3) and a probe (9) at the top part of the adapter. A conical adapter (8) was fixed between the pipe and the Lshaped adapter to prevent a reflection of the sound waves before they reached the slag foam surface. The loudspeaker (max. electrical input power 50 W) was fixed at the top part of the L-shaped adapter. The sound frequency and the speaker voltage were varied in the ranges of 100-12 000 Hz and 0-10 V, respectively. The loudspeaker was cooled by Ar gas blown on to its diaphragm. Figure 2 explains the measurement procedure. The slag foaming is quantitatively described by two parameters: the averaged slag foaming rate, W f , and the height of steady slag foam, h s . Both the slag foaming rate and the slag height were measured by detecting the surface position of the slag by two electric probes, one of which was fixed above the slag surface at rest (measuring probe), whereas the other one was submerged in the slag. This technique has been used to study the slag foaming phenomena (for example 12) ). A needle edged rod made of stainless steel (1) (2 mm O.D.) was used as the measuring probe. The L-shaped nozzle (3) (BaO-B 2 O 3 slag) or the bottom nozzle (CaO-SiO 2 -FeO slag) served as the submerged probe. To measure the slag foaming rate, the measuring probe was fixed at a certain distance, h from the slag surface. The distance was ranged from 1 to 6 cm in the experiments. Moment of contact of the slag surface with the measuring probe, t c , was detected by closure of an electrical circuit consisting of a variable resistor (2), a power supply unit (4), the measuring and submerged probes. When the circuit was closed, the voltage drop across the resistor, V R , was 10 V. The slag surface was considered to reach the height h if the circuit remains closed for 3 s under the given experimental conditions. The steady foam height, h s , was measured after the gas bubbling for 10 min.
A careful attention was given to determination of the moment, t b , at which the gas bubbles start to discharge from the nozzle orifices. The moment was determined from the time variation of pressure inside the L-shaped nozzle (4) which was different before and after the start of bubble discharge. The measurements were carried out using a pressure transducer (5) connected to the nozzle. The transducer was used also to determine the bubble detachment frequency which was necessary to calculate the mean bubble size. The slag foaming rate, W f , was defined as the distance, h, divided by the value t c Ϫt b , where t c is the time at which the circuit was closed.
The results of the measurements were processed by a programmable data acquisition processor (6) and stored by a PC (7). An electromagnetic valve (8) connected with the processor made possible starting the gas supply at the beginning of the experiment and stopping it when the foamed slag surface reached the measuring probe level.
A series of experiments were made under the room temperature. The pressure transducer was fixed at the level of the free surface of water filled in the crucible. The aim of the experiments was to measure the sound pressure exerted upon the liquid surface and to determine the resonance frequencies in the working space. The experimental set-up used for these measurements was the same as for high temperature experiments.
Experimental Results and Discussion
A typical set of the primary data is presented in Fig. 3 for two experiments with and without sound application. It is seen that the times, t c , for the slag foam to reach the height of 3.5 cm are different in the two experiments. Before reaching a constant value, the voltage V R is drastically changed with time. This is explained by a periodic rupture of the foaming slag film, which results in the alternate closure and break of the electrical circuit.
Figures 4-7 show the effect of sound frequency on the foaming rate W f . All results are presented as relative values W f /W f0 (W f0 is the foaming rate in the absence of sound wave) by the following reasons. By measuring the foaming rate at some time intervals under the same experiment conditions, it was found that the rate is slightly increased in proportion to the elapsed time. This may occur due to a small variation in chemical composition of the slag resulting from the slag-crucible reaction. To eliminate the time dependence of the foaming rate, all the measurements were made in the following way: 1 -W f was measured under the sound frequency changed randomly, and 2 -after several measurements of W f (5-6 times), the foaming rate without sound, W f,0 , was measured. Each value of W f was divided by W f,0 corresponding to the given time interval. The broken lines show the upper and lower limits of standard error of the mean values of W f0 . The error was determined for the foaming rate of the BaO-B 2 O 3 slag at a temperature 1 273 K. Then, the error was assumed to be the same for all the experiments.
As illustrated in Figs. 4-7 , the relative foaming rate increases and decreases as the sound frequency is changed. The variation in W f /W f0 ranges from 0.1 to 1.3 and occurs at irregular frequency intervals. On the whole, the effect of frequency on W f /W f0 is changed with the slag content, temperature, T and gas flow rate, Q. However, at least, one general feature can be seen in these figures. The largest defoaming effect is observed within the low frequency range (200-500 Hz) for all the experiment conditions. In this range, the experiments were repeated several times to con- firm the obtained effect. The results in the figures represent the averaged values. There is a tendency for decrease in the foaming rate at fϭ10 000 Hz. The decrease is especially significant for the BaO-B 2 O 3 slag, where W f /W f0 ϭ0.2 and 0.5 at Tϭ1 273 K and 1 223 K, respectively. Also, some decrease in W f should be pointed out at fϭ2 000 Hz when the sound wave is applied to the CaO-SiO 2 -FeO slag (Figs. 6  and 7) .
The effect of sound waves on the foaming and defoaming rates has been discussed in our previous paper.
11) A foam was produced by injecting nitrogen gas into a liquid filled in a vessel. Sound waves were propagated from a loudspeaker through the gas phase of the vessel to the foam top surface and, then, through the foam layer to the free surface of the liquid bath. It was shown that the sound and radiation pressures must be taken into account in considering the effect of sound waves on the foaming and defoaming rates. The sound pressure is an alternating pressure exerted upon the surface reflecting sound waves. The radiation pressure is produced by irregularity of the acoustic field around an obstacle. On the basis of the results of cold model experiments and the theoretical consideration, the radiation pressure was shown to be important when the foam height is larger than the sound half wavelength. Since the foamy slag height does not exceed 6 cm, the influence of the radiation pressure can be ignored in the present study.
It is known that magnitude of the sound pressure is very sensitive to resonance phenomena, which may occur in the working space. The strong frequency dependence of the foaming rate obtained in the present experiments suggests that the resonance phenomena have a large effect on suppressing the slag foaming. Considering the case when a standing wave is produced between two parallel planes apart by a distance L, one of which is the sound generator and the other is the reflecting surface, one can find a set of the resonance frequencies, f R,n , from the following equation: (1) where c g is the sonic velocity, nϭ1, 2, 3, ... However, in the present experiments, a sound wave propagates in the working space (Fig. 1) along a distorted path, passing through the L-shaped adapter and the alumina pipe before it reaches the slag surface. Therefore, the relationship between the resonance frequencies and the distance L can be expected to be different from that given by Eq. (1). A series of cold model experiments were carried out to check this assumption. The experimental technique and measuring procedure are described in the previous section. Figure 8 presents the measured magnitude of sound pressure, P a , acting upon the liquid bath surface plotted against the sound frequency for various voltages, V sp , applied to the loudspeaker. The arrows indicate a set of the resonance frequencies calculated by Eq. (1) for the following conditions: air atmosphere (sonic velocity c g ϭ343 m/s), nϭ1ϳ4 and Lϭ0.74 m. The distance L between the loudspeaker and the liquid bath surface was defined as the length of line connecting the centers of the loudspeaker and the bath surface, passing along axes of the L-shaped adapter and the alumina pipe.
It is seen from Fig. 8 that the resonance frequencies obtained experimentally and calculated from Eq. (1) are not necessarily coincident. It is assumed that this is because the path of sound wave propagating in the working space is a little different from that assumed in the above. No resonance frequency was found in the high frequency range ( f Ͼ 1 000 Hz). A possible reason is too large step taken for variation of the resonance frequency in the range: 200 Hz for 1 000 HzϽfϽ2 000 Hz and 1 000 Hz for f Ͼ2 000 Hz. The step was chosen in accordance with the conditions of the high temperature experiments.
In predicting the resonance frequencies under high temperature conditions, one has to take into account that sonic velocity in gas is dependent on the gas temperature. Since the temperature changes over the working space, this makes the prediction of the frequencies difficult under the present experimental conditions. Nevertheless, it can be expected that the character of the relationship between sound pressure acting on the slag bath surface and frequency is qualitatively similar with that shown in Fig. 8 . In other words, there must be resonance frequencies at which the sound pressure drastically increases. The resonance frequencies are displaced from those predicted by Eq. (1) due to the temperature variations in the working space. The increased sound pressure must result in an increase of the defoaming effect of sound.
However, the mechanism of acoustic defoaming is assumed to be different depending on whether the sound wave is reflected from the foaming slag surface or propagated inside the foam layer. It has been recongized 15) that foam consists of thin films, gas bubbles and interconnecting channels called Plateau borders which contain the main amount of the liquid. At least, two phenomena are responsible for the foam breakage; rupture of the films and drainage of the liquid from the Plateau borders.
In the case of the wave reflection, the sound pressure is exerted on the foam surface directly, which can result in a vibration of the foam film and its rupture. The wave reflection is described by the reflection coefficient, R. When the sound wave passes through the foam, one of the possible mechanism of acoustic defoaming has been discussed in our previous paper.
11) A sound wave, propagating through the foam, causes the foam bubble oscillations which enhance the liquid drainage from the Plateau borders. The role of the phenomenon in foam breakage increases as the liquid viscosity, v l , becomes higher. Quantitatively, it is described by the critical frequency f * defining the upper limit of sound frequency range within which the enhancement of the liquid drainage by sound wave is possible. The frequency can be determined from Eq. (2), (2) where r b is the bubble radius and a l is the liquid fraction in foam.
On the assumption that the film surface is plane and the wave impinges on the film at the right angle, the reflection coefficient, R can be expressed by ................ (3) 16) where m is the ratio of the acoustic impedance of gas, Z g , to that of liquid, Z l , l l is the wavelength of sound in liquid and d is the film thickness.
The film thickness at the top surface, d, can be estimated by the following way. According to Garrett, 14) the height of a foam in steady state, h s , depends on d as (6) where d c is the crucible diameter, T is the experimental temperature and a l is the liquid fraction.
Assuming that a l Ͻ Ͻ1 and that the gas bubbles do not coagulate during their rising in the molten slag and foam, the foam bubble should be the same in size as that at detachment from the nozzle. Substitution of the obtained values in Eq. (5) yields dϭ4.2ϫ10
Ϫ5 m for the given gas flow rates. It should be noted that this value is related to the top surface of the foam layer. Films inside the slag foam layer can be thicker than that on the top surface. Therefore, d, obtained by Eq. (5) represents the minimum thickness of film in the foam layer.
The acoustic impedance is the product of density by velocity of sound. Since the velocity of sound in gas is proportional to the square root of temperature, T, 17) the sound velocity in argon, c g can be determined by Eq. (7) where c g,0 is the sound velocity at 273 K (for Ar c g,0 ϭ308 m/s). Taking into account the temperature dependence of gas density, the acoustic impedance of gas Z g equals 254.3 kg/m 2 s at the experimental temperature Tϭ1 273 K. The impedance, Z s , and the velocity of sound, c s , in molten slag are impossible to evaluate because of the lack of information in the literature. Both the impedance and the velocity were assumed to be the same as those for the Pyrex glass; Z s ϭ13. . Figure 10 presents the reflection coefficient, R, calculated from Eqs. (3)- (7) as a function of sound frequency for two conditions. The solid line corresponds to the minimum film thickness, d, evaluated by Eq. (5) (the top surface of foam). The dash line is an example of the relationship between R and f when the film thickness in an interior part of foam is assumed to be larger by 10 times than the minimum one. It is readily seen that the reflection coefficient is increased as sound frequency and film thickness increase.
Thus, when the surface of foaming slag is exposed to a low frequency sound field (Ͻ1 000 Hz), the wave can pass freely through the upper part of foam layer because of small R. In this case, the wave can force bubbles inside the foam layer to oscillate and promotes the drainage of liquid from the Plateau borders as discussed above. The critical frequency, f * (Eq. (2)), can not be determined exactly because the liquid fraction, a l , is unknown. Supposing a l ϭ0.1, 0.01 and 0.005, the estimates show that f * equals 53.2, 532 and 1 065 Hz respectively for the BaO-B 2 O 3 slag at Tϭ1 273 K and Qϭ0.83ϫ10 Ϫ6 Nm 3 /s. Consequently, the enhancement of liquid drainage by propagating sound wave is possible in the low frequency range.
On the other hand, when the frequency of sound is high, the wave is reflected from the top surface of foam layer. The wave reflection excites oscillations on the foam surface, which can be responsible for rupture of the foam films.
An important point is that both the film rupture and liquid drainage rates should be enhanced under resonance conditions, which are characterized by a significant increase in amplitude of sound wave in the working space.
Another factor affecting slag foaming is the sound wave intensity. Figure 11 presents a plot of the relative foaming rate against the loudspeaker input voltage for the CaOSiO 2 -FeO slag. When fϭ220 and 400 Hz, the larger the input voltage, the smaller is the slag foaming rate. On the other hand, W f /W f0 is practically independent of the voltage at fϭ1 000 Hz. The reason is that the frequencies of 220 and 400 Hz are possibly close to resonance frequencies, while the frequency of 1 000 Hz is not. It is assumed that to obtain the defoaming effect at a non-resonance frequency, the sound intensity must be much higher as compared with that under resonance conditions. Thus, it is of practical importance that efficiency of the acoustic defoaming can be significantly improved if frequency of sound generator and its arrangement in the working space are selected in such a way to make possible obtaining resonance oscillations under given conditions.
Conclusions
The high temperature experiments showed that the slag foaming rate can be reduced when the slag surface is exposed to sound waves propagating through a gas phase above the slag bath. It is found that the defoaming effect of sound is strongly dependent on sound frequency. There are frequencies at which slag foaming rate decreases significantly. These frequencies are 200 and 350 Hz (slag BaO-B 2 O 3 ), 400 Hz (slag CaO-SiO 2 -FeO) and 10 000 Hz (slag BaO-B 2 O 3 ). On the whole, low frequency (Ͻ1 000 Hz) is more effective in suppressing the foaming of both slags.
The frequency dependence of the slag foaming rate is explained by resonance oscillations which can occur in the working space of the experimental apparatus between the loudspeaker and the foam films or the molten bath surface at certain frequencies.
Measurements of bubble diameter and steady foam height allow to evaluate the thickness of foam film. The thickness is estimated to be 4.2ϫ10
Ϫ5 m for the BaO-B 2 O 3 slag at the temperature 1 273 K and the gas flow rate 0.83ϳ1.0ϫ10
Ϫ6 Nm 3 /s. On the basis of these results, it is found that low frequency sound waves (0ϳ500 Hz) can pass through the foam layer and excite the foam bubble oscillations. This is assumed to result in an enhanced drainage of liquid from the Plateau borders. On the other hand, when foaming slag surface is exposed to higher frequency sound field (Ͼ2 000 Hz), the wave is completely reflected from the surface, and the foam breakage occurs due to increase in the foam film rupture.
The slag foaming rate decreases as the sound pressure increases. For example, the foaming rate of the CaO-SiO 2 -FeO slag is reduced by 10 times when the loudspeaker voltage increases from 0 to 10 V.
